Measurements of indoor pollutants have been performed in 50 residences in Athens. The concentration of CO2, CO, TVOC's and PM2.5, PM10 has been measured. The ventilation rate in the dwellings has been calculated using continuous measurements of the CO2 concentration. Almost all pollutants, except the carbon monoxide, present high levels that are superior to the existing standards.
INTRODUCTION
Man spends almost 70 percent of his time indoors. High indoor pollution because of the outdoor air, indoor sources and anthropogenic activities is a serious threat for human health, (1) . Although there are a lot of studies on indoor air pollution levels, much more has to be known about the consequences of poor air quality in dwellings.
Recent research is mainly focusing on the estimation of the indoor concentration of many chemical and biological pollutants, however, carbon monoxide, VOC's , particulate matter and carbon dioxide are the more common pollutant measured indoors. In parallel, the impact of ventilation rate and the outdoor pollution conditions is a topic of major concern.
In parallel, very important research is carried out to identify indoor sources and its impact on indoor pollution. In particular, research on tobacco smoking, has permitted to identify its impact on human health.
The present paper reports measurements of indoor pollutants that have been performed in 50 residences in Athens. The concentration of CO2, CO, TVOC's and PM2.5, PM10 has been monitored together with indoor temperature and humidity. Previous research of indoor air quality problems in Greece, has shown that the selected pollutants are the most important ones. The ventilation rate has been estimated using continuous CO2 measurements. In particular, given that the indoor CO2 concentration was continuously monitored, as well as the indoor production rate, the instant air change rate can be easily calculated by solving the mass balance equation.
The impact of the ventilation rate as well as of the main indoor pollution sources like tobacco smoking is analysed. Outdoor pollution levels have not been measured.
Monitoring Methodology
Fifty residences have been selected in the great Athens area. The whole research has concentrated in low income households located in the poor zones of the city. The main technical and operational characteristics of each dwelling have been collected while measurements of the indoor temperature and humidity have been performed when buildings were occupied. Data on the energy consumption of the buildings have been collected as well. All possible sources of indoor pollution have been identified in every dwelling. In parallel, measurements of the carbon dioxide, carbon monoxide and TVOC's have been performed at a minute interval at the various zones of the buildings, for an hour per day during the occupation period. CO 2 , CO and TVOC were measured with a multigas analyser of Bruel and Kjaer, type 1302. Finally the indoor concentration of PM2.5 and PM10 has been measured during 12 hours per day for each household and in particular between 10:00 to 22:00. Two pumps have been used to collect the particulates with a flow rate close to 2 lt/min. The air was transferred to fully dried filters. The amount of particulates was estimated by measuring the weight of the filters at the beginning and the end of the measurements.
As it concerns ventilation of the dwellings, almost the totality of residential buildings in Greece is naturally ventilated. During the measurements period, all openings remained closed and ventilation was achieved only through infiltration. This is the standard procedure followed in residential buildings during the winter period. Infiltration rate of dwellings in Athens varies between 0.5 to 1.5 ach as a function of the quality of the envelope. Precautions have been taken to avoid actions in the house that may bias the measurements, (cooking, etc). On the contrary, the occupants were encouraged to perform as in their everyday life, and smoking was allowed.
Concentration of the Indoor Pollutants
In the following the concentration level of the measured pollutants is analysed.
Volatile Organic Compounds, (VOC)
The mean maximum concentration of the TVOC's was close to 0.26 ppm, while the absolute maximum measured concentration was 0.93 ppm. Although for TVOC's there are not established limits, it is considered that indoor concentrations below 0.05 ppm do not put any threat for the human health, while concentrations between 0.05 to 0.8 ppm may cause discomfort when are in combination with other environmental problems, while concentrations higher than 0.8 ppm may cause respiratory problems.
Measurements have shown that only in 5 % of the dwellings, indoor TVOC's concentration is below 0.05 ppm. Almost in 90 % of the dwellings the TVOC's concentration is between 0.05 and 0.8 ppm, while 5 % of the households present concentrations higher than 0.8 ppm.
Not a clear correlation between the TVOC's concentration and the ventilation rate is found. This is mainly due to the variability of the strength of indoor sources in the various dwellings. It is characteristic that for air change rates below 1 ach, the VOC concentration varies between 0.04 and 9 ppm.
Tobacco smoking contributes highly to indoor TVOC's concentration. Figure 1 shows the variability of the maximum indoor concentration for various smoking levels. As shown, the median concentration in dwellings without smokers is close to 0.16 ppm. When, smoking levels are below 20 cigarettes per day, the median concentration increases to 0.2 ppm. For smoking levels between 20 to 40 cigarettes per day the corresponding median concentration is close to 0.44 ppm, while for smoking levels between 40 to 80 cigarettes/day the concentration increases to 0.54 ppm. 
Suspended Particles
The mean concentration of the PM2.5 was close to 82.5 µg/m3, while the mean concentration of the PM10 was close to 204.5 µg/m3. The limit set by EPA for PM2.5 is close to 40 µg/m3, thus, the measured concentration is considered as very high, (PM2.5 in the air, 2002). For the PM10 the limit set by EEC is close to 65 µg/m3.
The cumulative frequency distribution of the PM2.5 and PM10 concentrations is given in Figure 2 . For the PM10, only 16 % of the dwellings present a concentration below the threshold value of 65 µg/m3, while the 26 % of the dwellings are below 100 µg/m3, 45 % below 150 µg/m3 and 56 % below 200 µg/m3, and finally 80 % below 300 µg/m3. The above levels are very high and may be a serious threat for the health of the citizens.
For the PM2.5 almost 24 % of the dwellings present a concentration below 50 µg/m3, while the 64 % are below 100 µg/m3. The ratio between PM2.5/PM10 varies between 0.2 to 0.8.
Concerning the impact of ventilation on the concentration of PM's, a very clear correlation if found, (Figure 3) , for both PM2.5 and PM10. The higher the ventilation rate, the lower the median concentration of the particulate matter. As it concerns the impact of tobacco smoking on the concentration of the suspended particles, it is found that smoking contributes highly to the indoor concentration of PM2.5 and PM10. Figure 4 shows the variability of the PM10 and PM2.5 concentrations for various smoking levels. As shown, the median concentration of PM2.5 for dwellings without smokers is 62 µg/m3, while when smoking level is below 20 cigarettes/day the concentration increases to 80 µg/m3. For higher smoking levels, and in particular for the zones 20-40 cig/day and 40-80 cig/day the corresponding concentrations rise up to 97 and 116 µg/m3, respectively. These results are in agreement with the data reported by Wallace, 1996. It is reported that cigarette smoking is a major indoor source of fine and coarse particles, while it is estimated that the concentration increase in homes with smokers ranges from 25 to 45 µg/m 3 PM 2.5 . As it concerns, PM10, dwellings without smokers present a median concentration close to 129 µg/m3. The concentration increases to 153 µg/m3, when smoking levels are below 20 cig/day. For higher smoking levels, and in particular for 20-40 cig/day and 40-80 cig/day the corresponding concentrations are 201 and 294 µg/m3 respectively. The results are in agreement with the results of (2), who found that smoking at home may increases the daily mean concentrations by 1- A clear correlation between the ratio PM2.5/PM10 as a function of the ventilation rate has been found for all dwellings with smokers, (figure 4). On the contrary there is no correlation for the houses without smokers. Decrease of the ratio PM2.5/PM10 as a function of ventilation rate, shows that a high part of PM2.5 is generated indoors because of smoking, while PM10 concentration is mainly affected by the outdoor conditions.
Carbon Dioxide, (CO2)
The maximum indoor concentration of CO2 varied between 400 to 1800 ppm. The cumulative frequency distribution of the maximum indoor CO2 concentration is also given in Figure 5 . As shown, in almost 70 % of the houses the maximum concentration exceeded 600 ppm, while in 25 % of the dwellings exceeded 1000 ppm.
Using the continuous measurements of the carbon dioxide, the production rate of CO2 because of the presence of people, and the production by the smokers, the ventilation rate during the measurements period, has been evaluated, The frequency distribution of the calculated ventilation rate for all dwellings, is given in Figure 6 . As shown, the mean air flow rate was close to 1.1 ach. Almost 95 % of the dwellings presented a flow rate below 2 ach. As expected a very clear correlation between the maximum CO2 concentration and the calculated ventilated rate is observed.
In parallel, the influence of the number of occupants as well as of the size of the dwellings on the maximum concentration of the carbon dioxide has been investigated. As expected the higher the available space per person, the lower the corresponding median value of the CO2 concentration.
Carbon Monoxide, (CO)
Only in one case indoor CO concentration exceeded the threshold of 9 ppm set by USEPA for 8 hours.
The mean maximum concentration was close to 3.5 ppm. Almost, 25 % of the dwellings presented a concentration below 1 ppm, 50 % below 2.5 ppm and 80 % below 6.3 ppm. 
characterized by lower CO concentrations, two groups of data have been created. As shown in Figure 7 , for both groups, ventilation decreases highly indoor CO concentrations. Figure 7 . Correlation between maximum CO concentration and calculated ventilation rate for the 50 dwellings.
Tobacco smoking is a major source of indoor carbon dioxide. In order to evaluate the impact of tobacco smoking, indoor concentrations in smoking and non smoking households have been compared for the coastal and the non coastal areas, Figure 8 . For the coastal zone, a much higher median value of the CO concentration has been found for the dwellings with smokers. In particular the median values for the smoking and non smoking dwellings are 1.66 and 1.11 ppm respectively. It has to be pointed out that the ventilation rate in the smoking dwelling was quite higher than in the non smoking ones. The median ventilation rate for the smoking and the non smoking dwellings were 0.74 and 0.52 respectively.
Similar results have been obtained for the non coastal areas as well. The median values of the maximum CO concentration for the smoking and non smoking households are 6.44 and 5.0 ppm respectively. The air flow for both sets was quite similar and close to 1 ach.
CONCLUSIONS
Measurements of indoor air quality in 50 dwellings have been performed in Athens, Greece. The concentration of CO2, CO, TVOC's and PM2.5, PM10 has been measured. The main conclusions are : a) As it concerns indoor CO2 levels, in almost 70 % of the houses the maximum concentration exceeded the low level of 600 ppm, while in 25 % of the dwellings exceeded the maximum limit of 1000 ppm. A very clear correlation between the maximum CO2 concentration and the calculated ventilated rate is observed. In parallel, it is observed that the higher the available space per person, the lower the corresponding median value of the CO2 concentration. Coastal Area c) Measurements have shown that only in 5 % of the dwellings, indoor TVOC's concentration is below the low limit of 0.05 ppm. Almost in 90 % of the dwellings the TVOC's concentration is between 0.05 and 0.8 ppm, levels that may cause discomfort, while 5 % of the households present concentrations higher than 0.8 ppm where respiratory problems may happened. Not a clear correlation between the TVOC's concentration and the ventilation is found. This is mainly because of the variability of the strength of indoor sources in the various dwellings. Finally, it is found that tobacco smoking increases highly the TVOC's concentration inside the dwellings.
d) Very high concentrations of PM10 and PM2.5 have been measured. In particular, only 16 % of the dwellings present a concentration below the threshold value of 65 µg/m3. Concerning the impact of ventilation on the concentration of PM's, a very clear correlation if found, for both PM2.5 and PM10. Finally, it is found that that smoking contributes highly to the indoor concentration of PM2.5 and PM10.
It is evident, that indoor pollution is a major problem for dwellings in Athens. The combined impact of the measured pollutants may have an important influence on the health and well being of citizens. Given that a very clear correlation between the indoor pollutants and the ventilation rate has been found, increased ventilation rates may contribute highly to improve indoor environmental quality of households. 
